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Effects of dietary intake and hemodialysis on protein turnover in
uremic children. The dynamic aspects of protein metabolism in
uremic children were studied by using newly developed gas chro-
matography and mass spectrometry micromethods for determin-
ing nitrogen-IS enrichment in plasma lysine during a continuous
i.v. infusion of "N-lysine. Protein flux in uremic children was
low and varied directly with protein and energy intake, which
themselves were closely related in the diets consumed by the
study subjects. Hemodialysis did not alter acutely protein flux.
Protein flux in children undergoing chronic hemodialysis was still
reduced below normal but was higher than that in nondialyzed
uremic children at each level of protein-energy intake. The ratio
of protein flux to protein intake was 0.05 0.003 g of protein•
kg' day'. kcal ingested in the nondialyzed uremic children,
but it increased to a normal value of 0.11 0.03 g kg' day-'
kcal in those on longterm hemodialysis. We conclude that the
low protein turnover rates in our uremic population reflect the
decreased protein-energy intake commonly found in such
patients and that reduction of azotemia by chronic hemodialysis
may improve whole body transport at a given energy intake.
Effets de I'apport alimentaire et de l'hémodialyse sur le renou-
vehement des protéines chez I'enfant urémique. L'aspect dyna-
mique du métabolisme des protéines chez les enfants urémiques
a été étudié au moyen de nouvelles micro-méthodes de chro-
matographie et spectrographic de masse qui permettent de deter-
miner l'enrichissement en '5N de Ia lysine du plasma au cours
d'une perfusion continue de '5N-lysine. Le flux de protéine chez
l'enfant urémique est faible et vane directement avec les apports
protéique et énergétique, qui sont eux-mémes étroitement lies
dans les regimes ingérés par les sujets étudiés. L'hemodialyse
ne modifie pas Ic flux de proteine. Le flux de protéine chez
l'enfant soumis a l'hCmodialyse chronique est tout de mCme in-
férieur aux valeurs normales, mais supénieur a celui des enfants
urémiques non dialyses, ceci a chaque niveau d'apport pro-
téique et énergétique. Le rapport du flux de protéine a
l'ingestion de protéine est de 0,05 0,003 g de protéine kg'jour-' . kcal ingéré chez l'enfant urémique non dialysé mais aug-
mente a une valeur normale de 0,11 + 0,03g' kg-'' jour-' kcal
chez ceux en hémodialyse au long cours. Nous concluons que Ic
faible renouvellement de protCine dans notre population reflète
Ia diminution de l'ingestion de protéine et d'énergie souvent ob-
servée chez de tels malades et que Ia reduction de l'azotémie par
l'hémodialyse chronique peut améliorer Ic transport de protCine
a un niveau donne d'apport d'énergie.
ter the initiation of chronic hemodialysis [1, 2].
Many factors contribute to this poor growth. These
include the retention of nitrogenous wastes, acido-
sis, disordered somatomedin metabolism, and renal
osteodystrophy [1, 3, 4]. Inadequate intake of pro-
tein and energy, however, is possibly the most im-
portant factor [1, 5, 6] because dietary supplemen-
tation increases growth substantially both in uremic
children [5, 6] and in uremic rats [7—9]. The institu-
tion of chronic hemodialysis may also result in im-
proved growth rates in some children [10], possibly
by decreasing azotemia or by permitting improved
dietary intake.
Despite these observations, little is known about
the dynamic aspects of protein metabolism in ure-
mia or of the effects of dialysis on protein turnover
(flux) in childhood. In part, this has been due to eth-
ical or technical difficulties, because many early
methods for measuring protein flux required the use
of radioactive isotopes [11], urine collection [12,
13], or both. Recently, Halliday and McKeran [14]
adapted a nonradioactive tracer approach to the
measurement of protein turnover that eliminated
the need for urine collection. Protein flux was calcu-
lated from steady-state plasma '5N-lysine levels
during a continuous i.c. infusion of L-[ct-'5N] lysine.
Their technique, however, required large volumes
of plasma and so was not suitable for children.
Newly developed gas chromatography and mass
spectrometry micromethods for determining nitro-
gen-15 enrichment in plasma lysine during continu-
ous i.v. infusion of '5N-lysine [15] have made the
present study possible.
Impaired growth remains a major problem in chil-
dren with chronic renal failure, both before and af-
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Using these methods, we have measured protein
flux in children with advanced chronic renal failure
and have correlated these measurements with the
patient's dietary energy and protein intake. In addi-
tion, the effects of both acute and chronic hemo-
dialysis on protein flux have been determined. The
results demonstrate that protein flux is reduced in
children with end-stage renal disease and that he-
modialysis did not alter acutely protein flux. Chron-
ic hemodialysis, on the other hand, appeared to im-
prove the relative utilization of dietary protein,
even though protein flux did not return entirely to
normal.
Methods
Patient population. Eleven children with ad-
vanced chronic renal failure were studied. Five,
whose ages ranged from 11.1 to 15.8 years, had not
required dialysis prior to the time of study. Each
had markedly impaired renal function (Table 1).
The remaining six children, aged from between 4.1
to 18.7 years, had undergone at least one kidney
transplant for treatment of end-stage renal failure.
Each of these transplants had failed, necessitating
the patient's return to chronic hemodialysis. At the
time of study, the subjects had been back on dial-
ysis for a mean of 18 months (range, 3 to 46
months). Each dialysis treatment with glucose con-
taining (2 glliter) dialysate lasted 4 hours. The pa-
tients were allowed to eat their usual breakfast dur-
ing the first 30 mm of the dialysis period. Patients 6
and 7 were dialyzed four times each week; the re-
maining patients, three times weekly. Parallel flow
(Gambro), hollow fiber (Cordis Dow) and coil (Ex-
tra-corporeal) artificial kidneys were used. The pa-
tients' mean values for serum urea nitrogen and
creatinine both before and after dialysis are shown
in Table 1.
Diets for all the children were designed by a re-
search dietician. All but one of the nondialyzed chil-
dren were receiving liberal dietary intake designed
to provide a high consumption of calories and pro-
tein. The remaining patient in this group (#3) re-
quired mild sodium restriction and incurred modest
deficits in dietary intake of calories and protein on
this regimen. All dialyzed patients required moder-
ate limitation of sodium, potassium, and fluid in-
take. Protein and calorie consumption, however,
was encouraged to the maximum permitted by the
other dietary constraints.
Permission for the studies was obtained from par-
ents and from each patient over the age of 7 years.
The research protocol was approved by the Human
Studies Committee of Washington University.
Table 1. Clinical information
Dietary
Pa-
tient Age Heighta Weighta
Weight-for
height
Serum urea Serum
nitrogen ereatinine
rngldl mgldl
intake
Serum
albumin
Serum
transferrind
Protein Energyg kg kcal kg'
no. Sex yr cm (%) kg (%) ratio Preb Post5 Pre5 Post5 day' day1 gidI mg/dI
I M 11.1 119(<3) 22(<3) 0.96
Nondialyzed children
97 5.8 2.3 70 3.8 227
2 M 13.6 l35(<3) 32(<3) 1.07 160 7.0 2.3 57 4.4 319
3 M 13.8 168 (50) 53 (50) 0.95 169 15.9 1.0 38 4.6 265
4 M 14.3 l38(<3) 35(<3) 1.09 154 14.0 1.7 47 4.7 300
5 M 15.8 141(<3) 22(<3) 0.65 51C 49e 1.2 39 2.4 298
Mean
SD 126 9.5
Dialyzed children
1.7 50
6 F 4.1 90(<) 11(<3) 0.83 109 26 6.5 2.6 3.3 67 3.5 308
7 F 6.1 102(<3) 14(<3) 0.87 20 5 4.2 1.6 1.1 14 4.0 NA
8 M 15.3 157( 5) 38(<3) 0.83 65 23 16.0 7.5 1.0 26 4.0 NA
9 F 18.2 138(<3) 30(<3) 0.94 78 21 10.7 4.7 1.1 35 4.3 188
10 F 18.7 141(<3) 30(<3) 0.88 100 37 10.4 4.1 2.1 60 4.8 NA
11 F 18.8 157 (10) 45( 5) 0.98 75 22 9.5 3.9 1.3 16 3.8 NA
Mean
SD 75 22 9.6 4.1 1.6 36
a Percentile (%) for healthy children of same chronologic age is given in parentheses.
b One hour before or 16.5 hrs after dialysis, respectively.
Patient very wasted. Inulin clearance at time was 7.0 ml min' ' 1.73 m sq'.
d NA denotes not available.
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Measurement of lysine and protein fluxes. Lysine
and protein flux was measured once in each non-
dialyzed patient and twice in those subjects receiv-
ing hemodialysis. In the latter group, a predialysis
study was started at 6:00 P.M. the evening before
dialysis and continued until 8:00 A.M. the following
morning, at which time dialysis was started. The
postdialysis studies were started at 6:00 P.M. Ofl the
day the patient had been dialyzed and continued un-
til 8:00 A.M. the following day. Thus, the predialysis
lysine flux was determined in the 1 to 4 hours imme-
diately preceding dialysis, and the postdialysis rate
was calculated from data obtained 16 to 19 hours
after dialysis. The two studies were performed on
consecutive days.
All studies were performed in the Clinical Re-
search Unit. On the day of admission, the children
were fed their usual meal at 5:00 P.M. One hour lat-
er, a priming dose of L-[a15N] lysine HC1 was giv-
en i.v. in a dose of 0.3 mg/kg body wt. This was fol-
lowed immediately by a constant infusion of L-[a-
'5N] lysine . HC1 at the rate of 1.8 0.5 moles/kg
body wt1hr1 for 14 hours. Plasma samples for the
measurement of lysine content and nitrogen-15 en-
richment in lysine were collected at 2-hour intervals
throughout the infusion until the last 4 hours of
study, when 1-hour samples were obtained.
Materials. Ninety-nine percent L-[a15N] lysine
•HCl was obtained from KOR Isotopes (Cambridge,
Massachusetts). Chemical purity was confirmed by
conventional automated ion-exchange chromatog-
raphy and by gas chromatography as the N-TFA-n-
butyl ester, by using a norleucine internal standard.
Isotopic purity was verified by standard mass spec-
trometric analysis of the molecular ion cluster of the
dimethylaminomethylene methyl ester derivative.
Optical purity was confirmed by capillary gas chro-
matography of the N-PFP-n-propyl ester on a 25 M
column coated with the chiral stationary phase,
Chirasil-Val (Applied Science, State College, Penn-
sylvania). The material was pyrogen-free by stan-
dard rabbit body temperature assay performed by a
licensed commercial laboratory.
Prior to human use, an appropriate amount of L-
[-15N] lysine . HC1 was dissolved in 50 ml of sterile
0.45% sodium chloride by using an aseptic tech-
nique. The solution was then filtered through a ster-
ile 0.22-s millipore filter into a sterile vial, which
was sealed until use.
Analytic methods. Plasma L-[a15N] lysine en-
richment was measured by computer-controlled se-
lected ion monitoring, gas chromatography and
mass snectrometrv (GC-MS) according to the meth-
od of Bier and Christopherson [15] on an LKB-9000
GC-MS with the Washington University Data Sys-
tem [16]. This system is capable of measuring ion
current ratios with a relative precision of 1%.
Samples from both infusions for each subject
(where applicable) were analyzed on the same day.
A standard curve of lysine solutions of known iso-
topic enrichment was run prior to each plasma se-
ries, and the same set of lysine standard mixtures
was used to reference all the studies reported.
Lysine flux was calculated by conventional
steady-state expressions [17] from the four plateau
values of 15N-lysine enrichment obtained between
10 and 13 hours of the infusion. Subsequent esti-
mates of protein flux were calculated by the method
of Waterlow, Garlick, and Millward [18], except
that an average of 3.4 mmoles of lysine per gram of
protein nitrogen was used because Waterlow's ini-
tial reported value is recognized now as being in-
appropriately high [18].
Other ,nethods. Postabsorptive blood samples
were obtained from each patient at 7:00 A.M. for
measurement of plasma amino acids, and serum al-
bumin, transferrin, urea nitrogen, and creatinine by
routine clinical methods. In the dialyzed children,
this sample was obtained 1 hour before dialysis and
also on the following morning, 16.5 hours after dial-
ysis had been completed.
Dietary intake prior to each study was obtained
from records kept at home by the patients and their
parents for the 3 days immediately prior to study.
These records were analyzed by a research dieti-
cian, and their accuracy was checked by intake-re-
call interviews by the dietician. Further validation
was achieved by comparison of these records with
the patient's previous diaries recorded routinely for
3 days each month since institution of dialysis.
Height was measured by stadiometer and body
weight by bed scale (with postdialysis values used
for the patients being dialyzed).
Statistical analysis of results was carried out us-
ing traditional expressions for Student's t test, t test
for paired analysis when applicable, the Wilcoxson-
Rank Order test, least-squares linear regression,
and covariance analysis of the difference between
regression lines [19].
Results
All of the patients included in the study had ad-
vanced renal failure (Table 1) with the serum urea
nitrogen and serum creatinine concentrations for
the nondialyzed children ranging from 51 to 169 and
from 4.9 and 15.9 mg/dl, respectively. Predialysis
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values were similarly elevated in the dialyzed chil-
dren, although dialysis reduced these values satis-
factorily so that, on the average, the dialyzed chil-
dren were less azotemic than were those not on
dialysis. With one exception (patient 3), severe
growth failure was present in all children, its extent
being similar in the dialyzed and nondialyzed chil-
dren. Weight for height ratios, however, were main-
tained generally normal in the nondialyzed group
but reduced in those children undergoing dialysis.
Dietary intakes varied markedly in individual pa-
tients (Table 1). The daily intake of protein was as
low as I g/kg of body wt in three of the children. In
others, it was clearly adequate when expressed per
unit of body weight but was possibly inadequate for
growing adolescents [20]. Similarly, caloric intake
varied from grossly inadequate levels (14 kcalkg
body wt1day') to more normal ones (70 kcai1
kg'day') when expressed per unit of body weight.
Energy and protein intake in individual patients was
closely correlated (r = 0.90; P < 0.001).
Despite the inadequate dietary intake observed in
many of the patients, concentrations of serum albu-
min and transferrin were maintained in, or near, the
normal range (3.2 to 5.1 gIdI and 200 to 400 mg/dl,
respectively) in all subjects. Neither the serum al-
bumin nor the serum transferrin levels correlated
with either protein or energy intake; nor did albu-
min and transferrin levels correlate with one anoth-
er.
The plasma amino acid concentrations in the non-
dialyzed uremic patients were not statistically dif-
ferent from those observed in the predialysis blood
sample obtained from the dialyzed patients (Table
2). Thus, combining the results from these two
groups of children for further analysis, we found
that the concentrations of amino acids in our pa-
tients with renal failure were similar to those report-
ed previously in comparable children [21, 22], ex-
cept that phenylalanine levels in our patients were
significantly lower (P < 0.01) than were those re-
ported previously. Also in agreement with previous
reports, the plasma content of certain individual
amino acids in our uremic subjects varied consid-
erably from normal, the major differences being sig-
nificant reductions in concentrations of phenylala-
nine (P < 0.01), histidine (P < 0.05), and tyrosine (P
<0.01).
Concentration ratios of tyrosine to phenylalanine
and of valine to glycine, both used as indices of pro-
tein nutritional status by others [23], were reduced
significantly to approximately half the normal value
in our patients, as has been reported previously [21,
22]. The valine-to-glycine concentration ratio corre-
lated with protein intake in our uremic subjects (r=
0.74; P < 0.01). The tyrosine-to-phenylalanine con-
centration ratios, however, did not correlate with
protein intake.
Hemodialysis had little effect, acutely, on plasma
amino acid concentrations (Table 2) except for histi-
dine concentrations, which fell almost 50%, from 93
14 to 48 10 M (P < 0.025). Predialysis and
postdialysis values both for the valine-to-glycine
and for the tyrosine-to-phenylalanine concentration
ratios were not significantly different.
The mean plasma lysine levels at the start of, and
during the "plateau" portion of, the 15N-lysine in-
fusion for nondialyzed and for the predialysis and
postdialysis studies in the dialyzed uremic patients
are shown in Fig. 1. As expected, the lysine values
were higher at the start of each study, because the
infusion was begun in the postprandial state. There-
Table 2. Selected postabsorptive plasma amino acid concentrations in children with renal failurea
.In nondialyzed
Amino acid patients. pM
In dialyzed
patients, /SM
—
In uremic children, pM
—
In normal children, ,M
From
Ref. 21
From
Ref. 22
From
Ref. 21
From
Ref. 22Pre5 Post°
Valine 109 23 120 20 139 23 145 7 128 13 207 10 180 16
Leucine 98 14 77 11 86 8 69 3 92 13 102 6 99 II
Isoleucine 61 10 40 4 40 6 42 3 53 7 52 3 48 6
Lysine 124 18 153 28 131 13 155 6 129 18 181 9 108 5
Phenylalanine 28 4 22 3 34 7 39 2 40 4 40 2 40 3
Histidine 71 7 93 14 48 10 70 3 61 5 86 7 54 3
Alanine 188 37 201 35 253 30 380 38 302 42 275 17 231 18
Glycine 206 29 317 57 349 46 405 28 291 47 224 II 151 8
Serine 82 16 71 7 90 17 83 5 78 10 163 10 85 6
Tyrosine 16 3 12 4 13 3 23 2 27 2 40 3 36 3
Proline 168 15 222 59 239 68 231 27 200 20 133 14 113 8
a Values are the means SEM.
b 1 hour before dialysis
16.7 hours after dialysis
Concentration ratios
Tyrosine/phenylalanine 0.580 0.067 0.513 0.165 0.457 0.109 0.61 0.03 0.68 0.03 0.99 0.06 0.90 0.10
Valine/glycine 0.527 0.083 0.556 0.130 0.590 0.210 0.39 0.07 0.44 0.04 0.93 0.07 1.19 0.05
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after, the plasma lysine concentration declined to
constant values (with no statistical difference be-
tween the mean 10- and 13-hour levels in the three
patient-situations) indicating that each group was,
on the whole, in approximate steady state for
plasma lysine content.
The mean nitrogen-15 enrichment in plasma ly-
sine during the course of isotope infusion both in
the nondialysis patients and in the dialyzed patients
studied before dialysis is shown in Fig. 2. The post-
dialysis values were virtually identical to and super-
imposable on the predialysis enrichments shown in
Fig. 2; thus, the postdialysis values are not depicted
in the figure for simplification. In each series of
studies, plasma 55N-lysine content increased pro-
gressively during the early hours of the study before
reaching a "steady-state" plateau from between 10
and 13 hours of infusion. There was a slight but con-
sistent decline in isotope enrichment in the final
sample taken at 8:00 A.M. Whether this decrease
represented a response to the normal plasma corti-
sol surge at that time, to ill-defined effects of aris-
ing, or to consequences of anticipating the end of
the study is uncertain. Thus, lysine flux (and con-
sequently protein flux) were calculated from the 10
to 13-hour "steady-state" portion of the isotope en-
richment curves as shown by the solid and dashed
lines in Fig. 2.
Values for both lysine and protein fluxes were
substantially reduced in the uremic children (Table
3) when compared to values obtained in normal
children and adults by more traditional approaches
[11—14, 18, 24—28, 41]. Dialysis did not affect flux
acutely, with the predialysis value in each patient
being virtually identical to that obtained after
dialysis (Table 3). Long-term dialysis, however,
might have produced some normalization of these
values, because lysine and protein flux, on the
average, were higher in the dialyzed patients
compared with the nondialyzed subjects, although
these differences did not reach statistical signifi-
cance when analyzed by either Student's t or
Wilcoxson-Rank order tests.
Lysine flux varied directly with the intake either
of protein (P < 0.01) or of energy (P < 0.01) both in
the nondialyzed and in the dialyzed uremic children.
Because protein flux is merely a mathematical trans-
formation of the lysine turnover data and because,
therefore, the relationships found for one are identi-
cal for the other, protein turnover also was related
directly to protein energy intake in both study popu-
lations (Figs. 3 and 4). There were, however, major
intergroup differences in these relationships to low
protein or energy intake. In each case, the dialyzed
patients had faster protein turnover than did the
2 4 6 8 10 12 14
Infusion time, hr
Fig. 2. Average plasma [a- 1W] lysine enrichment throughout the
course of a continuous i.v. infusion of L-[a-'5N] lysine 'HCI in
dialyzed and nondialyzed children.
nondialyzed patients at comparable low intakes
(Figs. 3 and 4). Similar differences did not occur at
higher intakes. Consequently, the slopes of the re-
gression lines relating protein flux to energy intake
Nondialyzed patients
Dialyzed patientsj Predialysis SEM
Postdialysis SEM
>
C,,
E
1310
Study time, hr
Fig. 1. Mean plasma lysine levels at the start of the study, at the
beginning of the plateau of nitrogen-15 enrichment in plasma
lysine (10 hours), and at the end of the '5N-lysine plateau (13
hours),
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Table 3. Lysine and protein turnover in uremic children
Nondialyzed group Dialyzed group
Lysine flux Protein flux
ito 4 hr before dialysis 16 to 19 hr after dialysis
Lysine flux Protein flux Lysine flux Protein flux
p.mo1e gkg' Patient pinoles gkg-' pmoles' gkg'
Patient no. kg'hr1 day' no. kg'hr' day' kg'.hr' .day'
1 67.0 2.87 6 72.5 3.11 73.0 3.13
2 65.9 2.82 7 60.3 2.58 59.7 2.52
3 46.8 2.00 8 72.0 3.08 72.0 3.21
4 62.5 2.68 9 58.3 2.50 53.3 2.28
5 52.6 2.25 10
11
80.4
70.9
3.44
3.00
70.4
70.0
3.01
3.00
Mean SD 59.0 8.8 2.52 0.38 68.9 8.3 2.95 0.35 66.4 8.0 2.87 0.36
Normal subjects a
Young adults (1.5 g kg-' day-') 97.0 7•Øb
102 2°
4.28 0.33"
4.51 0.160
3.85 0.68"
Young adults (1.2 g kg-' day-') 106.5 32° 4.70 1.41
Young adults (0.6 g kg-1 day-') 87 40 3.86 0.38°
Young adults (0.4 g kg-' day-') 91.0 3.0" 4.01 0.13"
3.85 068d
Young adults (0.1 g kg-' day-') 67 70 2.94 0.58°
Children (2.1 0.4 g kg—' day-') 3.71 0.48'
Newborns 164, 171 7•3,7•54
a Under conditions of controlled dietary protein intake indicated in parenthesis
b Data of Conway et a! [41]
Data of Motil et a! [24]
"Data of Steffee et a! [25]
Data of Halliday and McKeran [14]
'Data of Kien et a! [13]
Frazer and Bier, unpublished data
and to protein intake were much steeper in the non-
dialyzed patients than they were in the dialyzed pa-
tients (Figs. 3 and 4). Although the differences in
the slopes of these lines were great, they did not
reach statistical significance because of the scatter
of results from the dialyzed patients.
Protein turnover was not correlated with either
serum albumin (P> 0.10) or with serum transferrin
(P > 0.10) concentrations in any subject group,
even though the latter values have been used in the
past as indicators of nutritional status.
In one dialysis patient (#7), we had the unique
opportunity to explore the relationships between
protein flux and dietary intake in more detail (Table
4). The first pair of studies in this patient was per-
formed at a time when she was severely malnour-
ished. Her dietary protein averaged only 1
gkgday , and her energy intake was only 14
kcal kg'day. The second pair of studies was un-
dertaken after she had been fed a diet consisting of
egg yolk, baby food chicken, Polycose, corn oil,
and whole powdered egg via a gastrostomy tube for
2.5 months. On this regimen her protein intake was
increased to 3.5 gkg-day' and her energy intake
to 102 kcalkgday-1. Her dietary supplementa-
tion was accompanied by a dramatic 34% increase
in lysine flux (and consequently protein flux) (Table
4). The improved intake was also associated with a
2.0-kg (14%) gain in body wt and a 4-cm increment
in height during the 2.5 months of gastrostomy feed-
ing.
Discussion
Waterlow et al [181 have described whole body
protein turnover as the integral of the turnovers of
all of the body's individual proteins, which, al-
though a somewhat artificial concept akin to the
basal metabolic rate [18], can be of practical value
in the study of patients with malnutrition [12, 13,
26].
To our knowledge, estimates of whole body pro-
tein turnover have not been reported in uremic chil-
dren. This is understandable when viewed in the
context of classical approaches to the determination
of protein flux in vivo, which have used radio-
isotopic tracer techniques, inappropriate for appli-
cation to children, or stable isotope methods requir-
ing urinary urea output, difficult to implement in
anephric individuals. The method used here makes
the general assumption that the metabolism of ly-
sine reflects the metabolism of protein amino acids
as a whole. Lysine is chosen as the index amino
acid because it is an essential amino acid, because
its metabolic pathways appear to be directed largely
toward protein synthesis and oxidation, because it
is not transaminated to any extent in vivo, and be-
cause the time to reach an isotopic steady state dur-
ing a primed infusion of labeled lysine is short, so
that recycling of labeled lysine from protein back to
plasma is negligible [18].
The values for lysine and for protein flux in our
uremic patients were lower by approximately 35%
compared with values obtained previously from
nonuremic subjects on adequate protein intake
(Table 3). Although we have, as yet, not had suf-
ficient experience with the present method to pre-
sent age-matched control children studied under
identical conditions, we believe the protein turn-
over values are truly low for the following reasons:
(1) In a series of young adults studied with L-[a-
'5N] lysine infusion in our laboratory [24, 41], aver-
age protein turnover was almost identical to values
for whole body protein turnover rates reported for
similar individuals consuming the same egg-protein
diet and studied with conventional urinary 15N-urea
techniques [25]. (2) Protein turnover measurements
made from continuous infusion of a variety of radio-
labeled amino acids [18] have been remarkably con-
sistent with values obtained from urinary '5N-urea
excretion. (3) Protein flux in children in the age
range of our subjects is not significantly different
from that of the young adult [27, 29]. In fact, our
five subjects older than 15 years are only slightly
younger than the 19- to 25-year-old volunteers used
Table 4. Results from patient 7 when malnourished (study 1) and after dietary supplem (study 2)
Energy intake
kcalkgt'day'
Protein
intake
g.kg1day
Serum urea
nitrogen
mgldl
Serum
creatinine
mg/dl
Serum
albumin
gidi
Lysine flux
noles'kg1'hr1
Protein
flux
g•kg1day1
Study 1
lto4hrbeforedialysis
l6to l9hrafterdialysis
14
14
1.0
1.0
20
5
4.2
1.6
4.0
4.0
60.3
59.7
2.6
2.6
Study 2
lto4hrbefore dialysis
l6to 19 hr after dialysis
102
102
3.5
3.5
41
6
5.6
1.6
4.4
4.4
75.5
85.5
3.2
3.7
3.5
3.0
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S
.
x
a)
0
0.
S
S
0
.
3.5
a),
x
=
2.5
S
2.5 S
2.0 0
o Non-dialyzed patients
• Dialyzed patients
(Predialysis studies)
0
o Nondialyzed patients
• Dialyzed patients
)Predialysis studies)0
1 2 3
Protein intake,gkg1 day
Fig. 3. Protein flux as a function of protein intake in both dia-
lyzed and nondialyzed uremic children. The equations for the re-
gression lines were V = 2.64 + 0.18x, r = 0.68, for the dialyzed
children; and V = 1.49 + 0.61x, r = 0.96, for those not requiring
dialysis.
6040
Energy intake, kcal kg day1
Fig. 4. Relationsip between protein turnover and energy intake in
both dialyzed and non-dialyzed uremic children. The equations
for the regression lines were V = 2.71 + 0.006x, r = 0.59, for the
dialyzed; and V = 1.29 + 0.025x, r = 0.87, for the nondialyzed
children.
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in our [24, 41] and other [25] young adult studies. (4)
The protein turnover values found in the current
study are significantly less than those found in
infants, children, and young adults at all levels of
adequate protein intake (Table 3).
On the whole, the nondialyzed uremic patients
had the lowest protein turnover. Thus, mean pro-
tein flux in this group (2.52 g . kg-' . day-') was
about 85% that of dialyzed subjects (2.87 to 2.95
g kg-' . day-'). Because the dialyzed subjects
had lower average daily serum urea nitrogen and
creatinine concentrations, protein flux would ap-
pear to be adversely affected by uremia, though this
effect must be a chronic one because lysine-protein
flux was identical before and after dialysis, which
markedly reduced azotemia.
It is tempting to extrapolate from these findings
and to suggest that some of the biochemical abnor-
malities associated with chronic azotemia have a
markedly inhibitory effect on protein synthesis. In-
deed, this hypothesis is supported by several recent
observations. Cell-free protein synthesis is reduced
30 to 40% in experimental uremia, with albumin
synthesis by membrane polysomes being reduced
even more [30]. In addition, the incorporation of
'4C-Ieucine into protein has been shown to be re-
duced in uremic rats [31], and the alkali-soluble pro-
tein content of muscle cells is markedly reduced
from normal in uremic children [32].
On the other hand, an alternative hypothesis sug-
gests that protein flux should, in fact, be increased
in uremia. Recent data in animals and man [33-37]
have shown that uremia is associated with acceler-
ated muscle alanine release and increased alanine
turnover for gluconeogenesis. To the extent that
muscle protein breakdown likely contributes to
muscle alanine release, one might expect an in-
crease in protein flux. This hypothesis is supported
indirectly by observations of increased tyrosine and
phenylalanine release rates form isolated uremic rat
muscles [37] and by an accelerated catabolic re-
sponse in fasted uremic rats [31].
The results of the present study would appear to
support the first hypothesis: The subjects, however,
were chronically wasted and, as such, may have
been beyond the hypercatabolic period of their ill-
ness. The data are insufficient to distinguish these
two possibilities.
It is apparent that uremia, itself, was not the only
influence on lysine-protein flux in our subjects. Pro-
tein and energy intake were also significant factors.
Thus, the most pronounced differences between
dialyzed and nondialyzed patients were found in
those individuals with the poorest protein-calorie
intake (Figs. 3 and 4). For example, on a protein
intake of approximately 1 g kg1 . day-', protein
flux averaged only 2.1 g . kg-' . day-' in the non-
dialyzed children but almost 2.8 g kg-' . day-' in
the dialyzed subjects. Previous reports have shown
a close relationship between whole-body protein
synthesis and daily energy expenditure from infan-
cy to the elderly [13, 38]. Although direct com-
parison of the present data with that reported in the
literature is not strictly valid because the published
work relates protein synthetic rate calculated from
'5N-urea excretion to experimentally determined
basal metabolic rate, nonetheless some interesting
observations emerge. Thus, the ratio of protein flux
to caloric intake in our dialyzed patients averaged
0.11 0.03 g of protein kg-' . day-1 per kcal, a
value virtually identical to that of 0.10 0.03 ob-
tained previously in children by Kien et al [13].
Furthermore, the ratio of 0.05 0.003 g of protein
kg-' . day-' per kcal obtained in the nondialyzed
group was significantly decreased (P = 0.01). These
observations support our conclusions that (1) the
low protein turnover rates found in our uremic
population are a reflection of the overall decreased
protein-energy intake commonly found in individ-
uals with severely impaired renal function, and (2)
that reduction of azotemia by chronic dialysis may
improve whole-body protein transport at a given
level of energy intake. This thesis is consistent with
observations made in previous studies. Although it
has been shown that protein-calorie malnutrition is
an important cause of growth failure in uremia [5],
the presence of uremia itself modified growth rates.
Thus, despite pair feeding, uremic rats have poorer
growth and nutritional status than do normal ani-
mals [7, 8, 39, 40].
It remains to be determined whether increases in
protein flux are necessarily translated to increases
in growth rates in children. In the patient studied on
two distinctly different protein intakes (Table 5),
protein flux increased when the patient's intake of
both protein and calories was augmented. Her
growth rate increased concomitantly. This observa-
tion is consistent with similar ones made in children
recovering from malnutrition [25, 26, 28]. Not unex-
pectedly, we were unable to document any simple
relationship between protein flux and degree of
growth failure in our patient population. The etiol-
ogy of growth failure in uremia is almost certainly
multifactorial [1, 3]. Such important variables as the
degree of renal osteodystrophy, bone age, inter-
current illnesses, and disordered somatomedin me-
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tabolism make it unlikely that a simple relationship
between any one factor, such as protein flux, and
growth would be found. Furthermore, our studies
measured protein flux during a minute time frame
compared with the long interval of integrated events
resulting in growth.
Our observations on protein flux and the influ-
ence of azotemia and diet have obvious implications
in the management of patients with end-stage renal
disease. The early institution of dialysis would ap-
pear to have special benefits for those patients with
inadequate diets. Furthermore, the techniques used
in the present study could provide a powerful tool in
future studies that investigate the role of diet in the
management of uremic patients. Such evaluations
have been difficult in the past because there is no
single test that is universally accepted to quantitate
nutritional status. The patients investigated in this
study demonstrate the current dilemma. Most had
severe growth failure, all had abnormal levels of
plasma amino acids, and all had significant reduc-
tions in valine-to-glycine and in tyrosine-to-phenyl-
alanine concentration ratios. Yet, malnutrition in
our patients was not associated with low concentra-
tions either of serum albumin or of transferrin, both
commonly used indices of nutritional status. Mea-
surements of protein flux and its rate of change after
dietary manipulation might enable faster and more
accurate prediction of whether such dietary
changes will offer a long-term benefit in the manage-
ment of patients with uremia. Thus, the reported
technique might prove extremely beneficial in the
design of improved regimens for such patients, as
well as for others with malnutrition and related dis-
orders.
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